Leaf morphology, coarse structure and anatomy were compared for two invasive C 4 , two non-invasive C 4 , and two expanding native C 3 grass species grown in their original, high-light semiarid temperate habitat, and in a growth room under variable moderate light and favourable supply of water and nutrients. It was hypothesised that (H 1 ) among C 4 grasses leaf structural response will be greater for invasive than for non-invasive species, and (H 2 ) for plants of high spreading capacity C 4 species will be less responsive than C 3 species. Leaf mass per area was lower in the growth room than in the field by 43.4-54% and 5.7-21.2% for grasses of high spreading capacity and for non-invasive C 4 species, respectively. Little or no response was observed in the proportion of epidermis and mesophyll, but the proportional area of veins plus sclerenchyma was greater in the field than in the growth room for the invasive C 4 Sorghum halepense, and the spreading C 3 Bromus inermis and Calamagrostis epigeios, while it did not differ for the two non-invasive C 4 grasses and the invasive C 4 Cynodon dactylon. Leaf intervenial distance was invariant for C 4 grasses (except for the non-invasive Chrysopogon gryllus) and the C 3 C. epigeios, but changed by 25.1% for the C 3 B. inermis. These results suggest that among C 4 grasses invasive species exceed non-invasive ones in the plasticity of leaf coarse structure, but not that of leaf morphology and anatomy. However, leaf structure was not less plastic in invasive C 4 than in expanding C 3 grasses except for intervenial distance.
INTRODUCTION
Grasses (Poaceae) usually inhabit high-light environments and their abundance declines in biotopes with moderate to low light intensity (e.g. in forest understorey, Chapman (1996) , Bredenkamp et al. (2002) ). In addition to their characteristic shoot morphology with erect leaves, morphology and anatomical structure of individual leaves must play an important role in this habitat preference. There is considerable variation among grasses in the capacity to persist in shaded environments. Grasses with the C 4 photosynthetic pathway are considered to have lower tolerance of low irradiance than grasses with the C 3 photosynthetic metabolism, possibly due to the extra energy requirement of the C 4 dicarboxylic pathway, to insufficient time for evolutionary adaptation to shaded environments (Pearcy and Ehleringer 1984) or to a limited plasticity or acclimation potential to low light intensity at leaf structural and biochemical levels (Sage and McKown 2006) . A possible additional source of variation among grasses in the tolerance of low light is the invasive potential of the species. We hypothesise that invasive grasses (particularly those with the C 4 photosynthetic pathway) capable of rapid spreading across a wide spectrum of environments should better tolerate heterogeneous light environments -including low-light habitats -than related species with low capacity for colonisation.
Numerous plant traits have been identified so far to be associated with the invasiveness of plants, including life history traits (Burke and Grime 1996 , Kolar and Lodge 2001 , Radford and Cousens 2000 , Rejmánek and Richardson 1996 , White et al. 2001 , present geographical distribution, reflecting the tolerance of the range of climates (Burke and Grime 1996, Dukes and Mooney 1999) , as well as attributes associated with carbon gain and resource-use efficiency (McDowell 2002 , Pattison et al. 1998 , Williams et al. 1995 , Yamashita et al. 2000 , 2002 . The role of leaf morphology and anatomy in a species' invasion potential, however, is not sufficiently investigated yet, particularly for the group of grasses (Molnár et al. 2000 , Yamashita et al. 2000 , 2002 . In addition to changes in leaf biochemistry, ultrastructure and plant biomass allocation, leaf morphological and anatomical modifications are frequent components of plant adjustment to contrasting habitat light conditions (Boardman 1977 , Fekete and Szujkó-Lacza 1973 , Givnish 1988 , Lambers et al. 1998 , Mendes et al. 2001 , Mojzes et al. 2005 , Oguchi et al. 2003 , Sims and Pearcy 1992 .
In this study, we aimed at comparing leaf morphological and anatomical structure of six grass species grown in two contrasting environments: under full sun in their natural semiarid temperate habitats and in a growth room under variable moderate light and good supply of water and nutrients. Conditions with a lower radiation load in the growth room can be considered as analogous to (but do not mimicking) those in shade compared to full sun patches of forest steppe vegetation mosaic. In addition to lower light intensity -as its main component -it also includes lower frequency or shorter periods of high temperature and temporal water shortage, and is associated with lower mechanical stress caused by wind. Thus, rather than focusing on the effect of light intensity exclusively, we explored phenotypical responses to changes in several associated environmental factors. Two hypotheses were tested:
H 1 : invasive C 4 grasses have a higher capacity to adjust leaf morphology and anatomy to contrasting environments than non-invasive C 4 grasses do. This is presumed because spreading species probably encounter heterogeneous environments more often than their stationary relatives.
H 2 : Among grasses of high colonisation capacity (either invasive aliens or expanding natives) C 4 species possess a lesser degree of plasticity in leaf morphology and anatomy than C 3 species do. In a recent paper Sage and McKown (2006) argues on such difference among photosynthetic pathways.
MATERIALS AND METHODS

Species studied
Six perennial grass species were included in this study: four C 4 and two C 3 species. Among the C 4 grasses bermudagrass (Cynodon dactylon (L.) Pers.) and Johnsongrass (Sorghum halepense (L.) Pers.) are invasive (Grace et al. 2001 , Holm et al. 1977 , while gold beard grass (Chrysopogon gryllus (Torn.) Trin.) and yellow bluestem (Bothriochloa ischaemum (L.) Keng) are non-invasive natives. The latter species may reach local dominance as the canopy of sympatric grasses opens up on disturbance (Zólyomi and Fekete 1994) . Each C 4 species studied belongs to the NADP-ME biochemical subtype except C. dactylon, which is a NAD-ME C 4 plant. Both C 3 species studied here are native and possess high capacity for spatial expansion. Smooth brome (Bromus inermis Leyss.) is a mid-successional species native in Europe, frequent in semiarid disturbed areas, and is an invasive alien throughout North America (e.g. Grace et al. 2001 , Grilz and Romo 1994 , Willson and Stubbendieck 2000 . The noxious weed chee reedgrass (Calamagrostis epigeios (L.) Roth) is able to colonise rapidly a wide range of disturbed habitats, particularly forest clearings, abandoned fields and wastelands (Rebele and Lehmann 2001) .
Field sampling and growth conditions
Our aim was to compare the morphology and anatomy of leaves developed under two contrasting conditions: in the field with semiarid climate and high-light conditions, and in a growth room of low-light environment with adequate water and nutrient supply. Whole plants in soil monoliths were collected in the field and transferred to laboratory for growing plants under semicontrolled conditions. Except for B. inermis, species were sampled in forest steppe vegetation and adjacent arable land (cornfield) near the village Isaszeg, 25 km East of Budapest in the summers of [2002] [2003] [2004] . Annual mean temperature is 9°C, yearly precipitation is about 600 mm. Chernozem soil covers the loess bedrock typically . Bromus inermis was transplanted from forest steppe vegetation on calcareous sandy soil near the village Fülöpháza, on the Great Hungarian Plain. Annual mean temperature is 10.4°C
, yearly precipitation is 505 mm (Kovács-Láng et al. 2000) . Plants with their original soil were placed in 4-litre pots, shoots were cut back to 1 cm above soil surface and newly emerged shoots were grown in the growth room of the Eötvös Loránd University. In the growth room, plants received natural sunlight supplemented with a 1,000 W halogen lamp over a photoperiod of 12 h in summer and 9 h in winter. Pots were rotated every 3 weeks so that we can minimise spatial heterogeneity of light environment in the growth room. The mean maximum photosynthetic photon flux density (PPFD) at the height of shoots on clear days was 810 µmol m -2 s -1 in summer and 180 µmol m -2 s -1 in winter (i.e. 40% and 9% of full sunlight, respectively). Air temperature and relative humidity were automatically recorded hourly by using an HOBO Pro RH/Temp sensor (Onset Computers Inc., Bourne, MA, USA), which was put on the table where pots were placed. Daily mean air temperature was 24.0 ± 4.4°C in summer and 18.5 ± 2.3°C in winter. Relative air humidity ranged from about 20% to 80% during the day. Plants were watered adequately and supplied with 0.5 ml nutrient solution per pot (containing 13% N, 4.5% P 2 O 5 , 6.5% K 2 O and micronutrients) in three-week intervals. The second fully developed leaf from the top of 10 shoots per species was sampled in October 2004. Five leaves per species were used for morphological and another five for anatomical measurements (n = 5). For comparison with field-grown plants, leaves were sampled in the same manner from plants in their original habitats (or for S. halepense from a similar degraded biotope in Budapest) in June 2005. After sampling, leaves were transported to the laboratory immediately in closed containers with the cut leaf base immersed in water. Morphological measurements were completed on the same or following day.
Data collection
Leaf morphology and coarse structure -Leaf length was measured by using a ruler read to the nearest mm, while leaf width was determined in the middle of the leaf blade under a binocular microscope equipped with a measuring lens to the accuracy of 0.1 mm. One-sided leaf surface area was determined by a Leaf Area Meter (LI-COR 3000A, LI-COR Inc., Lincoln, Nebraska). Leaf thickness (T * , mm) was measured in the middle portion of the leaf lamina, halfway between the leaf edge and the central vein by using a thickness meter (Dial Indicator and Magnetic Base, a division of Siechert and Wood, Inc. Pasadena, USA, accuracy 0.01 mm). Leaf samples were dried to constant weight at 90°C and than dry mass was measured. Leaf mass per area (dry mass per unit leaf area, LMA, g m -2 ) and leaf bulk tissue density (dry mass per unit leaf volume, D = LMA/T, g cm -3 ) were calculated from these data. Leaf anatomy -The middle portion of the leaf blade was severed and fixed in a 1:1:1 mixture of 96% alcohol, glycerine and distilled water until processing. Leaf blade cross sections were obtained by hand cutting without embedding by using elderpith and razor blades. Leaf cross-sections were permanently mounted in the same solute used for sample storage, observed without staining and photographed under a light microscope (Nikon Eclipse E400, Nikon Inc., Yokohama, Japan) using a digital camera (Nikon CoolPix 4500). Quantitative leaf anatomical measurements were made on A4 sized printouts of digital photographs. Distance data were measured by using a ruler, the various tissue components were cut out, their mass was measured on an analytical balance and their area was calculated by using the mass per area ratio of that sort of paper determined beforehand. For the sake of accuracy, scaling was also photographed and printed out in the same way as leaf micrographs. Distance between vein centres (intervenial distance) were measured, and the proportional area of three component tissues (epidermis, mesophyll and the sum of vascular tissue and sclerenchyma) were calculated on a leaf blade cross section halfway between the central vein and the leaf edge by using a magnification of 180 and 435 for C 3 species and C 4 species, respectively. The outer and inner bundle sheaths were included in the mesophyll and the vascular tissues, respectively. The thickness of mesophyll (for C 3 species only) and epidermis thickness were determined at two points of an intervenial region. The thickness of the outer, parenchymatous bundle sheath was measured on 3-4 randomly selected bundle sheath cells per primary vein. These measurements were performed at a magnification of 850. Five replicates per environment were used for each species. For thickness parameters and for intervenial distance, average values measured on the same cross section was used as replicates.
Statistical analyses
To test our hypotheses, we analysed intraspecific differences for each variable between means under the two growth conditions. Multiple comparisons among species in the same environment were performed as well, but due to the low number of species, these results were discussed only for robust differences among photosynthesis types or C 4 subtypes regardless of the growth environment. Two-way ANOVA with growth conditions and species as grouping variables was used with subsequent least significant difference (LSD) test to analyse significant differences among means. For variables where the homoscedasticity assumption of ANOVA was fulfilled within the same species or within the same light conditions only, unpaired t-test (with separate variance estimates if necessary) was applied for comparisons of the means of growth conditions, and one-way ANOVA with LSD test was used to test significant differences among the means of species, respectively. When data did not meet the assumptions of ANOVA, nonparametric Kruskal-Wallis test with subsequent post hoc test was used instead for multiple comparisons. Each statistics was performed by using the Statistica version 7.0 software (StatSoft Inc. 2004) , and differences were considered significant at p < 0.05 level.
RESULTS
Leaf coarse structure
Leaf mass per area (LMA) was significantly greater in the field than in the growth room for each species except for C. gryllus (Fig. 1A) . Variation in this parameter was greater for S. halepense and C. dactylon than for B. ischaemum, while both C 3 grasses showed about twofold differences (Table 1 ). For C. epigeios, S. halepense and C. dactylon, these differences in LMA resulted from higher leaf thickness (T) of plants grown in full sun compared with those developed under moderate light conditions (Fig. 1B) , while leaf bulk tissue density (D) did not differ significantly between the two light environments for these species (Fig. 1C) . For B. inermis, both components of LMA (i.e. T and D) were significantly lower for leaves developed in the growth room than for those grown in the field. Greater leaf bulk tissue density was the main determinant of higher LMA of field-grown leaves for B. ischaemum only, but the difference was only marginally significant. Chrysopogon gryllus showed remarkable invariance in each leaf coarse structural parameter (Fig. 1, Table 1 ). Under moderate irradiance, leaf thickness of this grass was the greatest among the species studied, and under field conditions it was similar to that of B. inermis. ). Asterisks indicate significant differences (p < 0.05) between growth conditions, "m" denotes marginal significance (p = 0.0538). Within a given growth condition, the same letters indicate statistically insignificant differences among means of species (lower case letters for growth room, upper case characters for field conditions). For each variable mean ± 1 SE of 5 replicates are shown In contrast, leaves of the other three C 4 grasses were significantly thinner than those of the two C 3 species under both light regimes.
Leaf anatomy
The mesophyll was significantly thinner in the growth room than in full sun for C. epigeios, but remained similar for B. inermis (Table 2, this variable was obtained for C 3 species only). Epidermis thickness was significantly lower in the growth room than in the field for C. gryllus, B. ischaemum and S. halepense, but did not vary significantly between light conditions for C. epigeios, B. inermis and C. dactylon. Field-grown leaves of B. inermis, B. ischaemum and C. dactylon possessed significantly thinner parenchymatous bundle sheath than those developed under moderate light conditions; an opposite pattern was found for C. gryllus, whereas C. epigeios and S. halepense did not show significant differences in this trait between the two environments. Among species, C. dactylon had the thickest parenchymatous bundle sheath under both irradiance levels. Average distance between veins was remarkably invariant for the C 4 grasses in the two contrasting environments. This trait differed significantly only for C. gryllus and B. inermis, but in an opposite way: it was greater under growth room conditions for B. inermis, but was lower for C. gryllus. When the six species are compared concerning their photosynthesis types, mean intervenial distance was significantly shorter for the C 4 grasses than for the two C 3 grasses, and among the C 4 types, this was greater for the NAD-ME C. dactylon than for the other three NADP-ME type C 4 species, regardless of the growth environment. Area proportion of mesophyll decreased slightly, but significantly under lower light conditions for C. gryllus, while increased for C. dactylon, and did not change significantly for the other species. Proportional area of veins plus sclerenchyma was significantly greater in field-grown leaves of B. inermis, C. epigeios and S. halepense than in those developed in the growth room, whereas did not vary significantly between light conditions for the other three species. For S. halepense, this was at the expense of the area of epidermis, which was proportionally lower in leaves exposed to full sun than in leaves grown under moderate light level, while in the two C 3 grasses both mesophyll and epidermis areas tended to be lower under field conditions than in the growth room.
Leaf morphology
Except for C. gryllus and C. epigeios, leaf area was significantly greater in the growth room than in natural habitats ( Fig. 2A) . This was because each of the four species possessed significantly longer leaves in moderate than under Table 2 Quantitative light microscopic leaf anatomical characteristics (mean ± 1 SE, n = 5) for six grasses of different photosynthetic pathway type and capacity for area expansion developed in the field in full sun semiarid habitat or under variable moderate light and good supply of water and nutrients in a growth room. For each species, statistically significant differences (p < 0.05) between growth conditions are in bold type. For each variable, significant interspecific differences within a given growth condition are indicated as in Figure 1 Photosynthetic type and spreading capacity (Fig. 2B) , but for S. halepense and B. ischaemum, significantly greater leaf width also contributed to the variation in total leaf size (Fig.  2C ). Among species, B. inermis exhibited the greatest differences in leaf area and length between the two light regimes (Table 1) . Chrysopogon gryllus also produced significantly longer, but narrower leaves in the growth room, resulting in leaf area similar to that developed in the field. Neither the length nor the width of leaves showed significant differences between light conditions for C. epigeios. Under moderate light level, S. halepense tended to have larger leaves than the other species; however, differences were significant in comparison with B. ischaemum and C. dactylon only.
DISCUSSION
Leaf responses to marked change in growth environment were heterogeneous in morphology, coarse structure and anatomy, and within groups species often responded differently, that for certain variables makes difficult to draw unambiguous conclusions to the group as a whole. However, this also implies an existing diversity in the mechanism of leaf structural responses to altered growth environment even within a plant functional group (i.e. perennial grasses). In line with our hypothesis (H 1 ), among C 4 grasses the invasive S. halepense and C. dactylon exhibited a higher degree of plasticity in leaf coarse structure between contrasting environments than the non-invasive C. gryllus and B. ischaemum. Both C 4 invaders altered substantially leaf coarse structure (LMA and thickness) in response to moderate light environment, whereas both traits remained invariable for the non-invasive C. gryllus, and LMA changed much less for B. ischaemum. This is in line with prior evidence on the important role of leaf mass per area and its plasticity in the performance and success of certain invasive exotic or expanding native species (Gloser and Gloser 1996 , Juraimi et al. 2004 , McDowell 2002 , Smith and Knapp 2001 , Williams et al. 1995 . Leaf bulk tissue density appears to be the least responsive to such environmental change irrespective of the species' invasion capacity. For the invasive S. halepense, thicker leaves in the field than in the growth room must have resulted from a greater proportion of veins plus sclerenchyma, that indicates larger investment into vascular and support tissues under temporal water shortage and mechanical stress caused by wind in the natural habitat. Knapp and Gilliam (1985) also reported a greater area of the bundle sheathprimary vascular bundle complex associated with greater leaf thickness and leaf mass per area for Andropogon gerardii in the high-light (burned) environment compared to the light-limited, unburned site in a tallgrass prairie. How-ever, no such investment was observed for the other invasive C 4 grass, C. dactylon and for the two non-invasive C 4 grasses in our study.
Leaf morphology responded markedly to the change in growth environment, although the response was not consistently different between invasive and non-invasive C 4 species. The greatest change in leaf length and width occurred for the invasive S. halepense closely followed by the two non-invasive species, while the invasive C. dactylon produced the smallest difference. Grass leaves usually grow larger, longer but narrower under moderate light intensity than in unshaded conditions (Langer 1979) . Among C 4 grasses in our study, both invasive species and the non-invasive B. ischaemum developed larger leaves in the growth room than in the field, that were longer, but not narrower (wider instead for S. halepense and B. ischaemum). Only C. gryllus produced narrower leaves in the growth room than in the original grassland, but simultaneous increase in leaf length compensated for it, thus leaf area did not change for this species.
Leaf anatomy was less responsive than morphology or coarse structure for the grasses studied, and no clear difference appeared between invasive and non-invasive C 4 species. Most leaf anatomical traits varied for the non-invasive C. gryllus, but the magnitude of response (5.3-34.7%) remained below that of the fewer anatomical variables changing significantly for the two invasive C 4 grasses (9.6-103.3%). This suggests some anatomical adjustment ability for the non-invasive C. gryllus as well. Considering that anatomical changes of the other non-invasive grass, B. ischaemum was comparable with that of the invasive C. dactylon and S. halepense, invasives do not appear to exceed noninvasives in leaf anatomical response to the environment, at least for the C 4 grasses studied here. Thinner parenchymatous bundle sheath cell layer in leaves of C. gryllus in the growth room than in the field may partly be responsible for shorter distances between veins in the growth room. In contrast, vein density remained unchanged for the other C 4 grasses in this study under both light conditions. For three of the four C 4 species studied, thicker epidermis in the field than in the growth room may provide greater protection against higher transpirational water loss, wind damage and wind-carried dust particles in natural environment (Mauseth 1988) . Plasticity of leaf traits for the native B. ischaemum appeared to be intermediate between that of the non-invasive C. gryllus and the two invasive C 4 species. This may be associated with the species' ability to reach local dominance mainly in disturbed grassland vegetation (Zólyomi and Fekete 1994) . Among the two C 3 species of high spreading capacity in this study, B. inermis showed particularly high responsiveness that appears to be consistent with the species' forest edge phytocoenological affinity Rajczy 1986, Zólyomi and Fekete 1994) . Phenotypic plasticity in photosynthesis and leaf coarse structure has been documented to be greater for species adapted to spatially or temporally heterogeneous or unpredictable environments (e.g. for early or middle successional species) than for those from more homogeneous and stable environments (e.g. for late successionals, Abrams and Mostoller 1995 , Strauss-Debenedetti and Bazzaz 1991 , Yamashita et al. 2000 . Furthermore, early or mid-successional status of a species often couples with high potential for invasiveness (Grace et al. 2001 , Yamashita et al. 2000 , 2002 . Thus, the flexibility of leaf morphology and structure may also help B. inermis to successfully invade temperate grasslands in North America (Grace et al. 2001 , Grilz and Romo 1994 , Willson and Stubbendieck 2000 .
Our results do not support the hypothesis of greater ability for structural adjustment to the growth environment for C 3 than for C 4 grasses (H 2 ), a comparison we could make for species of high capacity to spread. Overall, there were similar changes in leaf morphology, coarse structure and anatomy in response to the growth environment, although certain variables behaved differently in the two groups. Leaf intervenial distance was the most prominent variable of this sort, which showed less variation among C 4 than C 3 species, most probably due to the strong need of close proximity of mesophyll and bundle sheath cells in C 4 photosynthesis that may restrict the ability of shaded C 4 plants to increase vein spacing (Sage and McKown 2006) . Albeit leaf coarse structure changed at a similar or greater extent for the two C 3 species than for C 4 invasives, in leaf morphology and anatomy the responsiveness of the C 3 B. inermis and the C 4 S. halepense was similarly high, while that of the C 3 C. epigeios and the C 4 C. dactylon was comparably moderate. Thus, based on these data neither C 3 nor C 4 grasses can be qualified as more plastic in leaf anatomy and morphology. Similar to these results, no consistent differences were found in other comparisons of C 3 and C 4 species in the ability to reduce leaf thickness in response to shading (Sage and McKown 2006) . Shorter intervenial distances we observed here for C 4 grasses than for C 3 grasses, and for C 4 NADP-ME species than for the C 4 NAD-ME C. dactylon are consistent with previous results (Dengler et al. 1994 , Kawamitsu et al. 1985 , Ogle 2003 .
In conclusion, among C 4 grasses studied here invasive species appear to possess greater leaf coarse structural, but not consistently higher morphological and anatomical plasticity between contrasting light environments if compared with non-invasive ones. A higher plasticity may contribute to the successful establishment and persistence of invasive C 4 grasses in heterogeneous light environments. Ecophysiological plasticity also proved to play an important role in the invasion success of some tropical and subtropical species (Pattison et al. 1998 , Williams et al. 1995 , Yamashita et al. 2000 . However, our results do not support the hypothesis that among grasses of high capacity for colonisation C 4 species are inferior to C 3 species in the capacity of adjusting leaf morphology and structure to the environment. Nevertheless, further studies involving a greater number of species are necessary to reach more general conclusions.
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